The microstructure, mechanical property, and in vitro biocorrosion behavior of as-cast single-phase biodegradable Mge1.5Zne0.6Zr alloy were investigated and compared with a commercial as-cast AZ91D alloy. The results show that the Mge1.5Zne0.6Zr alloy had a single-phase solid solution structure, with an average grain size of 34.7 ± 13.1 mm. The alloy exhibited ultimate tensile strength of 168 ± 2.0 MPa, yield strength of 83 ± 0.6 MPa, and elongation of 9.1 ± 0.6%. Immersion tests and electrochemical measurements reveal that the alloy displayed lower biocorrosion rate and more uniform corrosion mode than AZ91D in Hank's solution. The elimination of intensive galvanic corrosion reactions and the formation of a much more compact and uniform corrosion film mainly account for the better biocorrosion properties of the Mge1.5Zne0.6Zr alloy than AZ91D.
Introduction
Recently, biodegradable magnesium based alloys are experiencing a renaissance as potential choice for implant materials in bone and cardiovascular surgery due to their outstanding biocompatibility, biodegradability, and very similar mechanical properties compared with bone [1e5]. Even though much attention has been paid to optimize the performance of these materials [6e11], comparably high corrosion rate is still the biggest obstacle on the way to clinical applications [12] . On the other hand, at present the demand for biodegradable materials with better performance is so urgent, while studies are still not sufficient [13] .
In early investigations, a large amount of alloying components were added to magnesium alloys such as AZ91 [14e16], ZK60 [17e19], WE43 [15, 20, 21] , LAE442 [21e23], and Mge20Zne1Ca [24] , with an intention of enhancing the mechanical properties. These alloys generally contain many precipitates. In the multiphase magnesium alloys, however, potentials of second phases are higher than that of a-Mg matrix [25] . So intensive galvanic corrosion reactions will occur beside the second phases and many corrosion pits may form, sometimes leading to the falling off of unattacked second phases from the alloy body. This will cause stress concentration and the coming rapid reduction of mechanical integrity of implants during degradation. Huan et al. [26] demonstrate that ZK30 possesses a better corrosion resistance than ZK60 and they accredit that to the lower Zn content in ZK30, since there is less second-phase particles and thus less micro-galvanic cells in ZK30. Rad et al. [27] also conclude that dissolution rate of MgexCa alloy increases significantly with increasing Mg 2 Ca content, and corrosion damage in specimens with lower Ca content is more moderate and uniform than with higher Ca content. Based on the above consideration, a single-phase structure may inhibit the high corrosion rate of magnesium alloys to some extent.
Another consideration for implant biomaterials is the biocompatibility. Aluminum element is mostly added to magnesium alloys such as AZ91, AZ31, and AE21 to achieve both solid solution strengthening and precipitation strengthening. However, aluminum is a risk factor for causing Alzheimer's disease [28] and muscle fiber damage [29] . Therefore, Al-free magnesium alloys are recommended for biodegradable materials. In addition, investigations show that addition of rare earth elements can enhance the corrosion resistance of magnesium alloys [30e32]. Nevertheless, controversies are still exist on the biological effects of those rare earth elements [2] , and this process can dramatically increase the production cost of alloys.
As Al-free magnesium alloys, high-strength MgeZneZr series are widely studied. Researchers generally add a high content of Zn with 3%e6%, e.g., ZK30 [26] , Mge5Zne0.3Zr [33] , and ZK60 [17e19], which results in many second-phase precipitates and thus inevitable galvanic corrosions. According to the above consideration, we have developed a single-phase Mge1.5Zne0.6Zr alloy to avoid intensive galvanic corrosion reactions [34] . The Mge1.5Zne0.6Zr alloy exhibits perfect corrosion properties in 5% NaCl solution [34] . As a potential degradable biomaterial, it is strongly needed to characterize the biocorrosion behavior of the Mge1.5Zne0.6Zr alloy in simulated body fluid. In the present study, the microstructure, mechanical property and especially in vitro biocorrosion behavior in Hank's solution of the as-cast single-phase biodegradable Mge1.5Zne0.6Zr alloy are investigated and compared with a commercial AZ91D alloy.
Experimental

Sample preparation
The alloy with the nominal composition of Mge1.5Zne0.6Zr was prepared by the gravity casting process in a protective atmosphere. The details can be referred to our former research [34] . The actual chemical compositions were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Varian 715-ES, USA), as given in Table 1 . To verify the effectiveness of eliminating the galvanic corrosion of the singlephase magnesium alloy, a representative double-phase as-cast AZ91D alloy (Beijing Guangling Jinghua Science & Technology Co., China) was used as a reference. The AZ91D alloy is chosen because it is one of the most commonly used magnesium alloys and is believed to have good corrosion resistance [35] . Also, AZ91D has been widely studied as a potential biodegradable material [14e16,36e38].
Microstructure characterization and mechanical properties evaluation
The microstructure of as-cast Mge1.5Zne0.6Zr and AZ91D alloys were observed using an optical microscope (OM) after prepared by a standard metallographic procedure and then followed by chemical etching in a solution of 12 g picric acid, 80 ml acetic acid, 350 ml ethanol, and 80 ml water. The phase structure was detected by X-ray diffraction (XRD, Rigaku TTRIII, Japan), with a scan range from 10 to 100 and a scan speed of 8 /min. The XRD measurements were operated at 40 kV and 150 mA, using Cu Ka radiation.
Tensile tests were carried out on an MTS810 universal testing machine at a constant crosshead speed of 1.0 mm/min at room temperature. For tensile tests, specimens were cut by an electric-sparking wire-cutting machine from the as-cast alloys and machined to a gauge size of F6 mm Â 30 mm.
Three specimens were tested for each alloy.
In vitro immersion tests
Immersion tests were conducted at 37 ± 0.5 C in a Hank's solution, with a pH value of 7.4 adjusted with NaOH and HCl solutions. The Hank's solution was composed of 8.0 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl 2 
.06 g/L Na 2 HPO 4 $12H 2 O, and 0.06 g/L KH 2 PO 4 in distilled water [7] . For in vitro immersion tests, specimens with a gauge size of 10 mm Â 10 mm Â 3 mm were cut from the as-cast alloys. A hole of 1 mm in diameter was drilled near one edge of each sample to accommodate a nylon string to suspend it in the solution during immersion test. In order for immersion test, the specimens were polished using 2000 grit SiC papers. The solution volume to specimen surface area ratio was 30 ml/cm 2 according to ASTM G31-72 [39] . The test lasted for 168 h and the immersion solution was renewed every 24 h. After immersion test, the corrosion products were removed from the specimens in a chromic acid solution of 200 g/L CrO 3 and 10 g/L AgNO 3 according to ASTM G1-90 [40] . The generation of hydrogen gas and the variation of pH value in the Hank's solution were monitored during a continuous immersion test lasting for 168 h. Three specimens were tested for each alloy at the same time. The surface morphologies of specimens before and after removing corrosion products were examined by a field emission scanning electron microscope (FE-SEM, Zeiss Supra 55, Germany) equipped with an energy dispersive spectroscopy (EDS, Thermo 2247A, USA). 
Electrochemical measurements
Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) curves were measured for the alloys in the Hank's solution at 37 C using an electrochemical workstation (Chenhua CHI660D, China). For all measurements, a three-electrode electrochemical cell was used, with a saturated calomel electrode (SCE) as the reference electrode and a platinum electrode as the counter electrode. Prior to each measurement, the specimens were mechanically polished, followed by ultrasonic cleaning in absolute alcohol for 5 min and drying in flowing air at room temperature. The EIS measurement started after open circuit potential was stabilized for 30 min. The measurements were performed at open circuit potential with an AC amplitude of 10 mV over a frequency range from 1 MHz to 100 mHz. The PDP curves were subsequently measured with a scan rate of 1 mV/s. The polarization started from a cathodic potential of À200 mV relative to the open circuit potential and stopped at an anodic potential where the anodic current increased dramatically.
Results and discussion
Microstructure and mechanical properties
Typical microstructures and XRD patterns of the as-cast AZ91D and Mge1.5Zne0.6Zr alloys are shown in Fig. 1 .
For AZ91D, dendritic and island-like b-Mg 17 Al 12 phases [38] coexisted with a-Mg matrix ( Fig. 1(a) ). From the XRD pattern of AZ91D in Fig. 1(c) , the a-Mg and b-Mg 17 Al 12 phases were identified. While for Mge1.5Zne0.6Zr, only one phase was observed and no precipitate was found ( Fig. 1(b) ). The single phase was manifested as an equiaxed grain structure, with the average grain size of 34.7 ± 13.1 mm calculated by an ImagePro Plus 6.0 software. Some twin boundaries were also identified in the Mge1.5Zne0.6Zr alloy, owing to the mechanical loading during sample preparation. Fig. 1(d) demonstrates the XRD pattern of the as-cast Mge1.5Zne0.6Zr alloy. Only Mg phase could be identified, as is consistent with the OM observation in Fig. 1(b) . The results confirm that the as-cast Mge1.5Zne0.6Zr belongs to a single-phase solid solution alloy. Table 2 summarizes the ultimate tensile strength (UTS), yield strength (YS), and elongation of the as-cast Mge1.5Zne0.6Zr and AZ91D alloys. It shows that the Mge1.5Zne0.6Zr alloy has higher UTS and elongation values than the AZ91D alloy. Since Zr serves as an effective grain refining agent, the as-cast Mge1.5Zne0.6Zr alloy has a fine grain size of merely 34.7 ± 13.1 mm. The improved UTS and elongation values should be mainly ascribed to grain refinement strengthening. However, the Mge1.5Zne0.6Zr alloy has a lower YS value than the AZ91D alloy, probably owing to the absence of second phases. Second phases are likely to bring 
Immersion tests
The generation of hydrogen gas of the Mge1.5Zne0.6Zr and AZ91D alloys over immersion time in Hank's solution is illustrated in Fig. 2 . The generated hydrogen gas of the Mge1.5Zne0.6Zr alloy remains a low level throughout the whole immersion test period. For both alloys, hydrogen evolution started at a high rate and then climbed slowly. Nearly fifty percent of the hydrogen was generated during the first 24 h for the Mge1.5Zne0.6Zr alloy, whereas that was not much high for the AZ91D alloy. It is well known that, for magnesium alloys, the hydrogen evolution trend is directly related to the corrosion rate. Thus, the results indicate that the Mge1.5Zne0.6Zr alloy has a lower corrosion rate in Hank's solution than the AZ91D alloy. The corrosion rate is high at the initial stage. As the corrosion process goes on, some corrosion films are formed on the alloy surface. The corrosion films provide a protection for the alloy. So the corrosion rate gets lower with immersion time. The protection is more effective for the Mge1.5Zne0.6Zr. It suggests that the corrosion films formed on the Mge1.5Zne0.6Zr could be more compact. Fig. 3 shows the variation of pH value of Hank's solution as a function of immersion time for the Mge1.5Zne0.6Zr and AZ91D alloys. As can be seen, the Mge1.5Zne0.6Zr had lower pH values than the AZ91D throughout the immersion test period. The pH values for both alloys initially increased sharply with increasing immersion time, then increased very slowly, and finally reached a nearly steady state. Similar to the hydrogen evolution trends, this reveals that the Mge1.5Zne0.6Zr has a better corrosion resistance than the AZ91D. It is reported that the increase in pH value results in haemolysis and is not appropriate for growth and proliferation of cells [27] . From this point of view, the Mge1.5Zne0.6Zr shows a better biocompatibility. Fig. 4 displays the typical surface morphologies of corrosion products on the as-cast AZ91D and Mge1.5Zne0.6Zr alloys after immersion test in Hank's solution at 37 C for 168 h. A large number of cracks were formed in the corrosion films. The cracks should be mainly generated by the dehydrating process prior to the SEM characterization. They are more easily generated in thicker coatings. Deep and wide cracks were observed in the corrosion films grown on AZ91D, as shown in Fig. 4(a) , while the cracks were shallow and narrow for Mge1.5Zne0.6Zr (Fig. 4(b) ). The result implies that the corrosion film formed on AZ91D is much thicker than that on Mge1.5Zne0.6Zr. This indicates that the corrosion rate of AZ91D is higher than that of Mge1.5Zne0.6Zr. Moreover, the corrosion film for Mge1.5Zne0.6Zr was much more compact and uniform than for AZ91D. The presence of a loose film makes corrosion solution contact with alloy matrix easier and thus accelerates the corrosion of AZ91D. For comparison, the compact film on Mge1.5Zne0.6Zr is more protective. For magnesium alloys, the hydrogen evolution is directly related to corrosion process. The larger the corrosion rate, the larger the hydrogen evolution rate is. Intense hydrogen evolution will go against deposition of corrosion products so that the corrosion film is not compact, which in turn the corrosion is promoted. The EDS analyses of corrosion films of these two alloys in the white square areas are listed on top of Fig. 4(a) and (b) , respectively. The results reveal that the corrosion films are rich in Ca and P, suggesting Ca/P compounds in the films. Furthermore, the content of Mg mainly coming from alloy matrix was much higher for Mge1.5Zne0.6Zr than for AZ91D. It means that Mge1.5Zne0.6Zr has a thinner corrosion film than AZ91D, which allows more Mg matrix information to be collected by EDS. The thinner corrosion film corresponds to the lower corrosion rate of Mge1.5Zne0.6Zr, which is consistent with the surface morphologies observation. Fig. 5 shows the XRD patterns of the immersed AZ91D and Mge1.5Zne0.6Zr alloys with corrosion products on the surfaces. As can be seen from Fig. 5(a) , for AZ91D alloy, the corrosion products on the surface are mainly Mg(OH) 2 with some MgO and a slight amount of Ca 10 (PO 4 ) 6 (OH) 2 (HA).
Since the b-Mg 17 Al 12 phases are unattacked, the information of b-Mg 17 Al 12 phases is also collected. While for Mge1.5Zne0.6Zr alloy (Fig. 5(b) ), it is clear that the corrosion products on the surface are mainly Mg(OH) 2 , MgO, (Ca,Mg) 3 (PO 4 ) 2 , and Ca 10 (PO 4 ) 6 (OH) 2 (HA). The information of Mg matrix was also collected by XRD due to the thin film. As well known, HA is an essential component of human bone. The deposited (Ca,Mg) 3 (PO 4 ) 2 and HA particles on the Mge1.5Zne0.6Zr alloy substrate surface can support the attachment, differentiation, and proliferation of osteoblasts and mesenchymal cells. This fact is helpful in the healing of bone tissue [41] . This indicates that the Mge1.5Zne0.6Zr alloy has good biocompatibility. Fig. 6 shows the surface morphologies of the AZ91D and Mge1.5Zne0.6Zr alloys with corrosion products removed after immersion test in Hank's solution at 37 C for 168 h. The two alloys displayed completely different corrosion morphologies after removing the corrosion products. For AZ91D (Fig. 6(a) ), the b phases remained unattacked while the adjacent a-Mg matrix seriously dissolved, resulting in many deep pits. Some large cavities were even formed due to the intensive galvanic corrosion reactions. On the contrary, for Mge1.5Zne0.6Zr (Fig. 6(b) ), the corrosion surface looked more uniform and the depths of corroded areas were relatively shallow. Fig. 6 (c) and (d) show the magnified images of certain areas of the AZ91D and Mge1.5Zne0.6Zr alloys with corrosion products removed, respectively. As demonstrated in Fig. 6(c) , the a-Mg matrix dissolved from the alloy surface to the center, leaving the b phase skeleton. The corrosion of AZ91D was localized and spread quickly to the depth, which had a significant effect on the mechanical properties. Comparatively, the corrosion of Mge1.5Zne0.6Zr was more uniform and mainly spread to the width (Fig. 6(d) ). The localized corrosion can cause stress concentration easily and rapid reduction of mechanical integrity of implant materials during degradation. Ideally, the uniform corrosion is desired for implant materials because the corrosion rate can be controlled to get better synchronization between implant degradation and new bone formation.
As shown in Table 3 , the biocorrosion rate concluded by mass loss after immersion test in Hank's solution at 37 C for 168 h was characterized to be 0.3045 mm/y for Mge1.5Zne0.6Zr, 41.9% of 0.7266 mm/y for AZ91D. The better corrosion resistance of Mge1.5Zne0.6Zr can be attributed to its single-phase structure (Fig. 1) and the compact and uniform thin films on it (Fig. 4) . For the Mge1.5Zne0.6Zr, the potential is distributed so uniformly that there is no extra impetus other than the aggressive solution. While for the AZ91D, intensive galvanic corrosion reactions occur around the b phases and many corrosion pits are formed, which extremely deteriorate the corrosion behavior. In addition, the higher corrosion rate results in an intense hydrogen evolution that goes against the deposition of corrosion products. Thus the formed corrosion film is not so compact, and in turn the corrosion is promoted. By contrast, the Mge1.5Zne0.6Zr does not possess the harmful galvanic corrosion effect and holds a compact and uniform corrosion film.
Electrochemical measurements
The PDP curves of the as-cast AZ91D and Mge1.5Zne0.6Zr alloys immersed in Hank's solution at 37 C are shown in Fig. 7 . For magnesium alloys, the cathodic polarization curve generally represents the cathodic hydrogen evolution through water reduction, and the anodic curve represents the dissolution of magnesium. As shown in Fig. 7 , the cathodic curves display that Mge1.5Zne0.6Zr held a lower hydrogen evolution current density than AZ91D. That is to say, the overpotential of the cathodic hydrogen evolution reaction is higher on Mge1.5Zne0.6Zr than on AZ91D. This reveals that the cathodic reaction is kinetically harder on Mge1.5Zne0.6Zr than on AZ91D, probably due to the elimination of galvanic effect in Mge1.5Zne0.6Zr. As can be seen from the anodic curves, both alloys showed an apparent current plateau, indicating the existence of a protective film on the alloy surface. However, the breakdown potential (E bd ) was higher for Mge1.5Zne0.6Zr, which manifests that the protective film formed on Mge1.5Zne0.6Zr is more compact and As-extruded Hank's Potentiodynamic polarization e 0.003 [47] protective. This finding is consistent with the surface morphology observations of corrosion products on the as-cast AZ91D and Mge1.5Zne0.6Zr alloys after immersion test, as shown in Fig. 4 . Fig. 8 shows the Nyquist curves of the as-cast AZ91D and Mge1.5Zne0.6Zr alloys immersed in Hank's solution at 37 C as well as an equivalent circuit model. The EIS results ( Fig. 8(a) ) reveal that both alloys displayed a single capacitive loop except for the difference in diameter. The single capacitive loop is also obtained for AZ31, WE43 [42] , and MgeZneX (X ¼ Ca, Mn, Si) alloys [43] . This suggests that the corrosion mechanism of the two alloys is the same but the corrosion rate is different. The larger diameter of Mge1.5Zne0.6Zr means better corrosion resistance, as is in agreement with the immersion test results ( Table 3) . The improved biocorrosion resistance should be related to the single-phase solid solution structure and fine microstructure of the Mge1.5Zne0.6Zr alloy. To analyze the EIS data, the single capacitive loop was modeled to a parallel combination of a R cf (corrosion film resistance) and a CPE cf (constant phase element of corrosion film) in series with a R so (solution resistance), as is shown in Fig. 8(b) . The capacitor in equivalent electric circuit could be replaced by the constant phase element to improve simulation of the impedance thinking of the nonuniformity of surface and diffusion factors [11] . The values of R so , CPE cf , and R cf were fitted through a ZView software and are listed in Table 4 . Theoretically, the larger the corrosion film resistance R cf value is, the stronger the ability of corrosion film protects magnesium matrix. The much higher value of R cf for Mge1.5Zne0.6Zr implies that the corrosion film formed on it is more protective. The reason is that the corrosion film formed on Mge1.5Zne0.6Zr is more uniform and compact than on AZ91D, as shown in Fig. 4 .
MgeZneZr series magnesium alloys belong to a class of high-strength magnesium alloy and they are suitable for load bearing in clinical applications. Huan et al. [26] demonstrate that ZK30 possesses a better corrosion resistance than ZK60 and they accredit that to the lower Zn content in ZK30, since ZK30 has less second-phase particles and the corresponding micro-galvanic cells. Song and Atrens [44] suggest that the addition of Zn to magnesium alloys should be limited to 1%e 3% if acceptable corrosion resistance is expected. Even within the range of 1%e3% Zn, investigations reveal that an increase in Zn content from 2% to 3% moves corrosion potential to a more negative value and the corrosion resistance is thus reduced [45] . Since the Mge1.5Zne0.6Zr alloy only contains 1.5% Zn and demonstrates a single-phase structure, theoretically, it should have a better corrosion resistance than ZK30 and ZK60. The comparison in Table 3 confirms that. The as-cast Mge1.5Zne0.6Zr alloy shows a lower corrosion rate than as-cast ZK40 [46] and as-extruded ZK60 [47] alloys. Through alloy designing, researchers can harvest a new alloy with excellent properties. Besides, they can also modify the existing alloys to get better performances. Surface modification is an effective way to controlling the degradation of magnesium alloys, especially at the initial stage. Lin et al. [47, 48] adopt a silicate electrolyte-based micro-arc oxidation (MAO) treatment on ZK60 alloy. The results indicate that the MAO coating effectively decreases the initial degradation rate of the ZK60 alloy. To get better biocorrosion properties, the MAO treatment could also be performed on the as-cast Mge1.5Zne0.6Zr alloy. Furthermore, in order to confirm the biocompatibility of the Mge1.5Zne0.6Zr alloy, in vitro and in vivo studies are needed and are left for future study.
Conclusion
The microstructure, mechanical property, and in vitro biocorrosion behavior of as-cast single-phase biodegradable Mge1.5Zne0.6Zr alloy and commercial AZ91D alloy were investigated. The Mge1.5Zne0.6Zr exhibited a single-phase characteristic and fine equiaxed grains of 34.7 ± 13.1 mm in size, while the AZ91D consisted of a-Mg matrix and bMg 17 Al 12 second phases. The Mge1.5Zne0.6Zr had an ultimate tensile strength of 168 ± 2.0 MPa and an elongation of 9.1 ± 0.6%, both higher than those of AZ91D. Due to the absence of second phases, the Mge1.5Zne0.6Zr had lower yield strength of 83 ± 0.6 MPa than AZ91D. After immersed in Hank's solution at 37 C for 168 h, a thinner and much more compact and uniform corrosion film was formed on the Mge1.5Zne0.6Zr. Most importantly, the Mge1.5Zne0.6Zr showed uniform corrosion behavior during degradation process. Both the immersion tests and electrochemical measurements reveal that the Mge1.5Zne0.6Zr maintained better biocorrosion properties than AZ91D. The elimination of intensive galvanic corrosion reactions and the formation of compact and uniform thin films are mainly responsible for the better biocorrosion properties of the Mge1.5Zne0.6Zr alloy.
